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molecule can be determined from the inverse of a maximum-likelihood-estimate (MLE) of the 

event durations, based on the minimum time bin collected, j, the interval between video frames, T, 

and the total number of events, N.29 

𝑘𝑘� = �𝑇𝑇
𝑁𝑁
∑ 𝑖𝑖 𝑛𝑛𝑖𝑖 − (𝑗𝑗 − 1/2)𝑖𝑖=∞
𝑖𝑖=𝑗𝑗 �

−1
      Equation 1 

In other words, the MLE rates of complementary-strand (CS) association and dissociation, 𝑘𝑘′�𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶 

and 𝑘𝑘�𝑜𝑜𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶, are the inverse of the average of all 

sampled lifetimes with a small offset to correct 

bias due to the width of the first bin. Note that 

𝑘𝑘′�𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶 (with a prime) is a pseudo-first-order 

association rate or on-rate in s-1, where 

𝑘𝑘′𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶 =  𝑘𝑘𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶 [𝐶𝐶𝐶𝐶].  Two dimensional 

histograms of the 𝑘𝑘′�𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶 and 𝑘𝑘�𝑜𝑜𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶 at all 

detected binding sites are shown for the non-

complementary and complementary strands in 

Figures 2A and 2B, respectively. The 

distribution of rates for non-complementary 

“sites” are dispersed and noisy (Figure 2A), 

while the complementary strand shows a single 

cluster of aptamer sites with on-rates and off-

rates of 𝑘𝑘′𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶~0.05±0.02 s-1 and 

𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶~0.2±0.06 s-1 (Figure 2B). The width of 

the single-site-kinetics distributions are 

governed by statistical uncertainty from the 

relatively low number of hybridization events 

sampled, typically ~20 events where the rate of 

event arrivals is given by (1/𝑘𝑘′𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶 + 1/

𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶)-1, and heterogeneity in the kinetics due 

to molecule-to-molecule differences and 

variations over time due to temperature drift 

and the large enthalpy of hybridization.44 By modeling the statistical contributions using an Erlang 

distribution,29 we estimate that for the 30% site-to-site relative standard deviation of 𝑘𝑘′𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶 and 

Figure 2. Identifying aptamer sites by kinetic fingerprinting.  
MLE association and dissociation rates are plotted as 2-D 
histograms at sites having ≥3 events for the following samples: 
(A)  immobilized aptamer with 10-nM non-complementary 
strand, (B) aptamer with 10-nM fully-complementary strand, 
and (C) aptamer with 10-nM fully-complementary strand and 
27-μM L-Tym. Sites whose kinetics are within the boxes shown 
in C are selected and used as reference sites to identify ‘active’ 
(green) and ‘inactive’ (red) aptamers in other data sets. 
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𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶, ~20% is due to sampling statistics and ~20% due to sample heterogeneity. We have 

previously shown29 that similar sample heterogeneity has minimal impact on the accuracy of rates 

determined by averaging the kinetics from a thousand sites within the field-of-view of the 

measurement (Figure 1B). 

Competitive binding of the complementary strand and L-Tym to the immobilized 

aptamer. Having shown that we can detect specific hybridization between the complementary 

strand and aptamer, we next investigate the influence of L-Tym on the complementary-strand 

hybridization kinetics. Hybridization rates were measured for samples containing mixtures of 

constant complementary strand and varying L-Tym concentration in oxygen-scavenging buffer. A 

2-D association-dissociation rate histogram of sites with 27-μM L-Tym and 10-nM 

complementary strand is shown in Figure 2C. In the presence of L-Tym, the distribution of 

hybridization kinetics shows two peaks; one population has a slower on-rate, 𝑘𝑘′𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶 ~0.008 s-1, 

while the other population has a similar rate, 𝑘𝑘′𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶 ~0.05 s-1, to the sample with no L-Tym. This 

result shows that a fraction of the aptamers exhibit hindered association with the complementary 

strand as a result of interactions with L-Tym, while the remaining aptamers exhibit unhindered 

association with the complementary strand. We have separated these populations of aptamers 

based on their on-rates using statistical criteria described in Figure S5. In the presence of 27-μM 

L-Tym, those aptamers with  𝑘𝑘′𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶 > 0.02 s-1, are defined as “active” aptamers, representing 

~70% of the population, while those with higher 𝑘𝑘′𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶 are “inactive” aptamers (Figures 2C and 

S5). Inactive aptamers have the same association and dissociation kinetics in the presence and 

absence of L-Tym (Figure S6, S7). Additionally, the aptamers do not interconvert on the time-

scale of these experiments; identified active and inactive aptamers exhibit equivalent sensitivity to 

L-Tym and rate distributions in videos collected hours apart. Therefore, individual active and 

inactive aptamer molecules located in samples with high L-Tym concentration can be tracked 

across samples with varying L-Tym concentration to determine how target binding affects duplex 

formation.  
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 “Active” aptamers exhibit competitive binding between complementary strand and 

L-Tym. The active aptamer population was monitored at varying L-Tym concentrations to 

systematically probe how binding between the aptamer and target analyte influences the 

hybridization kinetics of the complementary strand. With L-Tym concentrations between 0- and 

50-μM, the apparent association-rates, 𝒌𝒌𝒐𝒐𝒐𝒐,𝑪𝑪𝑪𝑪
𝒂𝒂𝒂𝒂𝒂𝒂  and off rates, 𝒌𝒌𝒐𝒐𝒐𝒐𝒐𝒐,𝑪𝑪𝑪𝑪, of the complementary strand 

were calculated from the average lifetime of the N binding events measured at all filtered aptamer 

sites:    

𝒌𝒌𝒐𝒐𝒐𝒐,𝑪𝑪𝑪𝑪
𝒂𝒂𝒂𝒂𝒂𝒂 = �[𝑪𝑪𝑪𝑪]

𝑵𝑵
∑𝝉𝝉𝒐𝒐𝒐𝒐�

−𝟏𝟏
   

𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶 = �1
𝑁𝑁
∑ 𝜏𝜏𝑜𝑜𝑓𝑓𝑓𝑓�

−1
   Equation 2  

As shown in Figure 3, the association rate 

decreases with increasing L-Tym concentration 

while the off-rate does not significantly change, the 

latter result being is consistent with an SN1-like 

competitive binding where L-Tym does not invade 

the duplex and increase the dissociation rate. Since 

L-Tym does not induce dissociation, the trend in 

𝑘𝑘𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶
𝑎𝑎𝑎𝑎𝑎𝑎 with [L-Tym] can be interpreted using a 

simple equilibrium model, where the fraction of 

time that aptamers are occupied by L-Tym is 

governed by their concentration and dissociation 

constant of an aptamer-L-Tym complex, 𝐾𝐾𝑑𝑑,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿:  

𝜃𝜃 = [𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿]
[𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿]+𝐾𝐾𝑑𝑑,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

      Equation 3 

If we assume that aptamers bound to L-Tym are 

unavailable for hybridization with complementary 

strand, then 𝑘𝑘𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶
𝑎𝑎𝑎𝑎𝑎𝑎  will be equal to the native 

association-rate, 𝑘𝑘𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶, multiplied by the fraction 

of time aptamers are not bound to L-Tym, (1-θ): 

𝑘𝑘𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶
𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑘𝑘𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶 �1 − [𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿]

[𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿]+𝐾𝐾𝑑𝑑,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
� 

 Equation 4 

Figure 3. Complementary strand hybridization kinetics 
at “active” aptamer sites. (A) Average association rates 
of complementary strand (circle points) from active 
aptamer population at varying L-Tym concentration. 
Association rates are fit to the equilibrium model in 
Equation 4 (solid line). (B) Average dissociation rates at 
each concentration (square points) with the population 
average (solid line). Prediction bands at 90% confidence 
are shown as dashed lines. The relative standard 
deviation of repeat measurements of 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶 = 15%, and 
the relative standard deviation of 𝑘𝑘𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶

𝑎𝑎𝑎𝑎𝑎𝑎  = 5%. 
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 The model in Equation 4 was fit to 𝑘𝑘𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶

𝑎𝑎𝑎𝑎𝑎𝑎  data to determine the parameters for 𝐾𝐾𝑑𝑑,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 

and 𝑘𝑘𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶, as shown by the solid line in Figure 3A. The model predicts 𝐾𝐾𝑑𝑑,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿= 3.9 ± 0.8 μM 

which is in good agreement with other studies of surface-bound L-Tym aptamers.36  This model 

assumes that the complimentary strand cannot bind to the aptamer-L-Tym complex. If this were 

the case, there would be a non-zero value of 𝑘𝑘𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶
𝑎𝑎𝑎𝑎𝑎𝑎  at high L-Tym concentrations, corresponding 

to the association rate of complementary strand with the aptamer-L-Tym complex. We found that 

a model that incorporates a finite on-rate at high L-Tym did not improve the quality of fit, and that 

the uncertainty in the data would put the upper-bound of that limiting rate at 0.0024 s-1, or only 

5% of 𝑘𝑘′𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶. Additionally, the L-Tym does not invade the aptamer-complementary-strand duplex 

and induce dissociation; if this were the case, 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶would increase with L-Tym concentration. 

We observe no significant trend in 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶 with [L-Tym], as shown in Figure 3B, indicating that 

L-Tym does not interact with the complementary-strand-aptamer duplex to induce dissociation. 

Therefore, the mechanism for the L-Tym aptamer structure-switching biosensor is consistent with 

an SN1-like competitive equilibrium (Scheme 1B), and not target-induced strand displacement in 

the aptamer (Scheme 1A).  

Determining the kinetics of L-Tym-aptamer association. Although the trend in 𝑘𝑘𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶
𝑎𝑎𝑎𝑎𝑎𝑎  

in Figure 3A provides the dissociation constant of L-Tym binding to the aptamer, it does not offer 

insight into L-Tym-aptamer binding kinetics. The dissociation constant for L-Tym binding to the 

aptamer is the ratio of dissociation and association rates, 𝐾𝐾𝑑𝑑,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿/𝑘𝑘𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿; thus, a 

small dissociation constant could arise from very efficient formation (fast 𝑘𝑘𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿) of a relatively 

weak complex (fast 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿), or less inefficient formation (slow 𝑘𝑘𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿) of a strongly-bound 

complex (slow 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿). Because L-Tym is not labeled, we cannot directly detect L-Tym 

binding to the aptamer to determine its kinetics; however, we can observe its effects on the 

hybridization kinetics of the complementary strand. If the aptamer forms a stable complex with L-

Tym that blocks complementary-strand hybridization for long periods of time, the lifetime of the 

L-Tym-aptamer complex will govern the distribution of time intervals between complementary-

strand hybridization events.  

In recent work from our lab, we investigated a three-component DNA reaction having a 

similar mechanism, where fluorescently-labeled and unlabeled DNA in solution compete to 

hybridize with immobilized probe DNA.28 We determined the hybridization kinetics of the 

unlabeled DNA strand – which could not be detected directly– by its influence on the labeled 
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complementary-strand hybridization to the immobilized probe. To do this, we solved the 

differential equations for the rates of labeled and unlabeled DNA hybridizing competitively with 

probe DNA to determine a time-domain model that predicts the distribution of time intervals 

between labeled-strand hybridization events.28 The same system of differential equations can be 

applied to model the association of unlabeled L-Tym with the aptamer, 𝑘𝑘𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, its dissociation 

from the aptamer, 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, and the association rate of the labeled complementary strand with 

the aptamer, 𝑘𝑘𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶. The solution to this system of differential equations (Supporting Information) 

predicts the time-interval distribution of complementary-strand binding events, which is 

equivalent to the time-decay of the population of free- [A] and L-Tym-bound [LA] aptamers, given 

by the sum of two exponentials: 

𝐴𝐴(𝑡𝑡) + 𝐿𝐿𝐿𝐿(𝑡𝑡) = 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡[𝐶𝐶1𝑒𝑒−𝑘𝑘1𝑡𝑡 + 𝐶𝐶2𝑒𝑒−𝑘𝑘2𝑡𝑡]   Equation 5 
where  

𝑘𝑘1 =
𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝑘𝑘′𝑜𝑜𝑜𝑜,CS + 𝑘𝑘′𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝑘𝑘𝑞𝑞

2
 

𝑘𝑘2 =
𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝑘𝑘′𝑜𝑜𝑜𝑜,CS + 𝑘𝑘′𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝑘𝑘𝑞𝑞

2
 

𝐶𝐶1 =
𝑘𝑘′𝑜𝑜𝑜𝑜,CS − 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝑘𝑘′𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝑘𝑘𝑞𝑞

2𝑘𝑘𝑞𝑞
 

𝐶𝐶2 =
𝑘𝑘′𝑜𝑜𝑜𝑜,𝐶𝐶𝐶𝐶 − 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝑘𝑘′𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝑘𝑘𝑞𝑞

2𝑘𝑘𝑞𝑞
 

𝑘𝑘𝑞𝑞

= �𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
2 + 𝑘𝑘′𝑜𝑜𝑜𝑜,CS

2  + 𝑘𝑘′𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
2 − 2𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑘𝑘′𝑜𝑜𝑜𝑜,𝑅𝑅𝑅𝑅 + 2𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑘𝑘′𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 2𝑘𝑘′𝑜𝑜𝑜𝑜,𝑅𝑅𝑅𝑅𝑘𝑘′𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 

 

where again primes indicate pseudo-first-order on-rates, e.g.  𝑘𝑘′𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =  𝑘𝑘𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 [𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿].   

When the lifetime of the aptamer-L-Tym complex is comparable to the time interval 

between complementary-strand association events, this model predicts that the distribution of time 

intervals between complementary-strand hybridization events will shift from a single-exponential 

decay with no L-Tym in solution, to a double-exponential decay process at high L-Tym 

concentrations. Histograms of time intervals between complementary-strand hybridization events 

are generated by pooling the hybridization-event time-intervals measured at all active aptamer 

molecules. Time intervals are represented as cumulative-survival histograms45 and are shown for 

varying L-Tym concentrations in Figure 4A. With no L-Tym in solution, the time intervals 

between complementary-strand hybridizations are fit well by a single-exponential distribution 
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consistent with pseudo-first-order kinetics. At higher L-Tym concentrations, the curves deviate 

significantly from single-exponential behavior, suggesting a long-lived aptamer-L-Tym complex. 

The competitive kinetic model in Equation 5 was fit to histograms of event intervals for L-Tym 

concentrations in the range of 0.5-15 μM, with sample data at 1, 3, and 9 μM  L-Tym as shown in 

Figure 4A (with a log-linear plot in Figure S8). L-Tym concentrations above this range exhibited 

too few hybridization events to effectively sample the interval histogram. The best-fit parameters 

for 𝑘𝑘′𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 and 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 are plotted in Figures 

4B and 4C for each L-Tym concentration. The 

association rate increases linearly with L-Tym 

concentration with a zero intercept and slope that 

represents the association rate constant, 𝑘𝑘𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 

= 1.2 ± 0.2 x 104 M-1s-1. The dissociation rate 

shows no trend with concentration (least-squares 

slope is not significantly different from zero), and 

the L-Tym dissociation rate constant from the 

average of all data points is 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿= 0.045 ± 

0.006 s-1. These rate constants predict a 𝐾𝐾𝑑𝑑,𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 

3.9 ± 0.8 μM, which is indistinguishable from the 

dissociation constant determined independently 

from the equilibrium model (Equation 4) fit to the 

results in Figure 3. 

Investigating the “inactive” aptamer 

population in a free-solution capture assay.  As 

discussed above, ~30% of the immobilized 

aptamer molecules exhibit hybridization with the 

complementary strand but no competitive 

response to L-Tym. Similar behavior has been 

observed in DNAzymes,46 and other structure-

switching aptamer biosensors, including those for 

ochratoxin47 and dehydroisoandrosterone 

3-sulfate48 where maximum signal is never 

reached, even at saturating concentrations of 

Figure 4. Competitive-binding kinetics of between L-Tym 
and the complementary strand at aptamer sites. (A) 
Normalized cumulative histograms of association times 
between complementary-strand hybridization events at 
active-aptamer sites at 0 (gray), 1 (pink), 3 (green), and 9 
μM (purple) L-Tym with fits to Equation 5 (solid lines). 
(B) Association on-rates of L-Tym binding to the aptamer 
at varying L-Tym concentrations (blue points) with a 
linear-least-squares fit (solid line). (C) Dissociation rates 
of L-Tym binding (red points) with average rate (solid 
line). 90% confidence bands are dashed lines. 
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analyte. We cannot provide an explanation for the inactive population, but we have investigated 

several hypotheses, as discussed in Supporting Information page S10. First, all aptamers were 

purified by PAGE and HPLC, and the same inactive fraction was observed in independently 

synthesized samples; this result suggests but does not prove that the inactive population is not due 

to truncated, chemically modified, or non-deprotected aptamer oligonucleotides. It is possible that 

this inactive population represents misfolded aptamers that have adopted a structure that is able to 

hybridize with the complementary strand but is unable to bind to L-Tym. However, our attempt to 

thermally denature and refold the aptamers in our microscopy flow cell while maintaining 

individual molecule registration failed to induce interconversion of active and inactive aptamer 

populations (Figure S9). More extreme temperature and denaturing agents might refold these 

secondary structures, but we cannot study them in situ because these conditions would denature 

the streptavidin-biotin interaction anchoring the aptamer to the surface. To determine if the 

heterogeneity is induced by surface immobilization of the aptamer, we immobilized the 

complementary strand, labeled the aptamer, and performed a competitive pulldown assay to 

measure the complementary-strand affinity for aptamers in free solution and the dependence on 

the L-Tym concentration (Figure S10). The results indicate that a similar 30% fraction of the 

solution-phase aptamer population is insensitive to L-Tym, showing that this ‘inactive’ population 

is not due to surface interactions perturbing the immobilized aptamer.  

CONCLUSIONS 

The behavior of the structure-switching L-tyrosinamide-binding aptamer investigated in 

this work is consistent with an SN1-like mechanism in which the complementary-strand-aptamer 

duplex must spontaneously dissociate before the aptamer can bind its small-molecule target. The 

association and dissociation kinetics of the unlabeled L-Tym target were determined based on how 

their association with the aptamer altered hybridization-interval times of the labeled 

complementary strand. The exchange kinetics are relatively slow, predicting a long-lived (20s) L-

Tym:aptamer complex, and are consistent with dissociation rates measured for L-Tym-binding 

aptamers in free solution.36 By probing individual-immobilized aptamer molecules, we determine 

that a significant (30%) fraction of aptamers have a complementary-strand hybridization response 

that is insensitive to L-Tym. Other structure-switching aptamer reports have shown that the 

maximum unquenched fluorescence intensity is not restored even at high concentrations of 

ligands,47-48 possibly due to similar fractions of inactive-aptamer molecules. 
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Although we observe purely competitive SN1-like behavior in this structure-switching 

aptamer, the specific sequence of the complementary strand cab impact the binding mechanism, 

which has implications for engineering biosensors.17, 19 Duplexed aptamers that operate under an 

SN2-like mechanism of target-mediated strand displacement will have lower “sensing” 

dissociation constants (Ksens) since the target can displace the complementary strand rather than 

waiting for duplexed aptamer to spontaneously dissociate.2, 17 Monserud et al.19 studied a duplexed 

adenosine-binding aptamer using solution-phase FRET and found that the dissociation rate of the 

fluorescently-labeled aptamer from an immobilized capture strand increased at high concentrations 

of adenosine target only when the aptamer had a “toehold” region containing the active binding 

site. The resulting structural change upon target binding to the toehold region induced faster 

dissociation from the capture DNA. When the active site was hybridized with the capture strand, 

no displacement was observed, indicating that the target was not able to invade the duplex. Munzar 

et al.17 have also shown through competitive equilibrium assays using a duplexed ATP-binding 

aptamer that the location of the “aptamer-complementary element” determines whether the system 

exhibits an SN1 or SN2-type mechanism. It is likely that the complementary-strand sequence used 

in this work encompasses the active-site of the aptamer, preventing concerted L-Tym binding and 

strand displacement. Future single-molecule imaging experiments can address sequence-context 

and strand-length dependence of SN1-like versus SN2-like mechanisms of aptamer kinetics. 

It is also notable that the target-aptamer complex has a slow association rate constant ~104 

M-1s-1, which is ~105-fold slower than a diffusion-controlled rate (~109 M-1s-1),49 along with a slow 

dissociation rate (lifetime ~20 s). This is consistent with other measurements of small-molecule 

aptamer association rates, which range from 102 to 105 M-1s-1,32, 50-51 far below the diffusion-

controlled limit. The barrier to target-aptamer complex formation suggests that the target can only 

associate with a subset of aptamer secondary-structure conformations. M-fold calculations52 do 

not predict any stable secondary structures for the L-Tym aptamer sequence, and the sequence is 

also not a candidate for G-quadruplex formation, suggesting that the aptamer may have to search 

through a number of random configurations before finding the correct conformation for target 

binding. Aptamers having more stable stem-loop structures, such as the quinine-binding aptamer,50 

also exhibit inefficient target binding, suggesting a significant barrier to perturb their minimum-

energy structure to allow target binding. However, once the target is bound to the aptamer, its 

configuration is stabilized by a large dissociation barrier, resulting in a slow dissociation rate. This 

structural rearrangement may be important for the performance of structure-switching aptamers; a 
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structure insufficiently stabilized by target binding will result in less change in complementary-

strand accessibility and stability, resulting in less capacity for target-induced signaling. 

The methodology described in this work provides tools to investigate mechanisms of 

aptamer duplex assembly and target binding, and can be used to study how target binding kinetics, 

complementary-strand kinetics, and assay sensitivity are affected by the sequence of the 

complementary strand. Importantly, our approach does not require labeled analytes, and thus in 

principle can be applied to investigations of other aptamer-based sensors or to label-free 

competition-based studies of ssDNA-binding proteins. These methods can inform the engineering 

of structure-switching aptamer biosensors to maximize their performance and to provide 

fundamental insights into molecular interactions with ssDNA. 
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